nature
nanotechnology

ARTICLES

PUBLISHED ONLINE: 20 OCTOBER 2013 | DOI: 10.1038/NNANO.2013.209

A general strategy for the DNA-mediated
self-assembly of functional nanoparticles
into heterogeneous systems

Yugang Zhang', Fang Lu', Kevin G. Yager', Daniel van der Lelie? and Oleg Gang'*

Nanoparticles coated with DNA molecules can be programmed to self-assemble into three-dimensional superlattices. Such
superlattices can be made from nanoparticles with different functionalities and could potentially exploit the synergetic
properties of the nanoscale components. However, the approach has so far been used primarily with single-component
systems. Here, we report a general strategy for the creation of heterogeneous nanoparticle superlattices using DNA and
carboxylic-based conjugation. We show that nanoparticles with all major types of functionality—plasmonic (gold),
magnetic (Fe,0,), catalytic (palladium) and luminescent (CdSe/Te@ZnS and CdSe@ZnS)—can be incorporated into binary
systems in a rational manner. We also examine the effect of nanoparticle characteristics (including size, shape, number of
DNA per particle and DNA flexibility) on the phase behaviour of the heterosystems, and demonstrate that the assembled
materials can have novel optical and field-responsive properties.

building blocks such as metallic, semiconducting and mag-

netic nanoparticles are of interest for the creation of novel
materials with emergent and collective properties; for example
related to coherent vibration®, enhanced ferro- and ferrimagnet-
ism*®, optical response®®, high-energy nanocomposites’ and
robust mechanical properties'®. Self-assembly methods have been
successfully applied to create binary!!*!> and ternary'* superlattices,
exploiting entropic effects, electrostatics and van der Waals forces.
However, the determinant driving forces for assembly are highly
system-specific. Moreover, the majority of approaches lack the flexi-
bility to regulate interparticle distances, which is highly relevant for
tuning functional properties, for example, for metal nanoparticle-
enhanced photoluminescence!®, super-spin data  storage'®
and metamaterijals' 1718,

DNA-driven nanoparticle assembly is an effective approach for the
fabrication of superlattices with tunable interparticle distances"*192°
and rich phase behaviour?'?2. The high specificity of DNA recognition
permits the programming of nanoparticle interconnections, which
allows for assembly processes to be decoupled from the intrinsic
properties of the particle core. Experimentally, however, gold nanopar-
ticles have long served as the focal component for DNA-mediated
nanoparticle assembly, for which crystallization was realized by
tailoring the DNA shell*?*** and nanoparticle shape?® and size?.
Although there have been several recent efforts to incorporate other
components, such as dyes’, proteins”’ and CdSe/ZnS quantum
dots?®?, into gold-nanoparticle lattices and clusters'*°, a broadly
applicable DNA-based methodology for the rational fabrication of
heterosystems and multifunctional materials is required. Recent
studies have reported the assembly of multicomponent lattices!>3!-3,
However, from a fundamental perspective, it remains unclear to what
degree the principles governing such assemblies are generalizable.
For example, heterogeneity in particle core size, shape, and also
ligand shells, can tremendously affect packing behaviour.

We have developed a general strategy for DNA-mediated self-
assembly of binary heterogeneous systems comprising four

| | eterogeneous superlattices? built from functional nanoscale

representative functional nanoparticles: plasmonic, catalytic, mag-
netic and luminescent. Accordingly, we selected the following
model systems: spherical gold with palladium of three shapes
(cube, octahedron and dodecahedron-like), iron oxide (Fe,O;,
denoted FeO) and quantum dots of different materials
(CdSe/CdTe/@ZnS and CdSe/ZnS). By combining these components
into heterolattices, we address three major assembly issues: (1) the
role of shape heterogeneity on lattice order, (2) the interplay
between DNA-programmable and non-specific interactions, and
(3) the emergence of compositional disorder in multicomponent
lattices. Our studies demonstrate that heterogeneous nanosystems
with regulated interparticle separations can be assembled in a
‘mix-and-match’ manner, which opens remarkable opportunities
for material fabrication.

Our methodology for nanoparticle functionalization with DNA
comprises three steps: carboxylic group grafting, streptavidin conju-
gation and biotinylated-DNA attachment (Fig. 1a). We illustrate the
versatility of this strategy for both hydrophilic and hydrophobic
nanoparticles (see Methods). Using this method, f DNAs were teth-
ered onto each palladium (Fig. lc, Supplementary Fig. 1), FeO
(Fig. 1d, Supplementary Fig. 2) and quantum dot (Fig. le,
Supplementary Fig. 3) particle (f=20+5, 4+2 and 30+10,
respectively). All these DNA-functionalized nanoparticles were
thermally stable at the highest temperatures tested (~70 °C,
Supplementary Fig. 5). We also functionalized citrate-capped gold
nanoparticles (Fig. 1f, Supplementary Fig. 4) with thiolated-DNA
(f~ 50+ 10 for 10 nm gold). Two strategies were then applied for
nanoparticle assembly: direct hybridization (DH) or linker-assisted
hybridization (LH)*, as illustrated schematically in Fig. 1b. In a DH
system, denoted A_By, yj, the particle surfaces are separated by N
=X, + Xp + 15 bases. For LH systems, denoted A_B,,,, N=X, +
Xp+L,+30 bases (see Supplementary Section ‘Materials and
methods’ for preparation details).

Synchrotron-based small-angle X-ray scattering (SAXS, per-
formed at BNL NSLS X9) was used to probe the in situ structure
of particles assemblies. The featureless SAXS scattering profiles
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Figure 1| DNA conjugation and assembly of functional nanoparticles. a, lllustration of the three-step strategy for DNA functionalization of hydrophilic and
hydrophobic nanoparticles (f denotes the number of grafting DNA on nanoparticles; see Supplementary Section ‘Materials and methods'). STV, streptavidin;
NHSS, N-hydroxysulfosuccinimide; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide. b, Schematics of two kinds of assembly strategy, direct hybrid (DH)
and linker hybrid (LH). ¢, Schematics and SEM images for biotinylated DNA-tethered palladium nanocube (PC), octahedron (PO) and dodecahedron (PD).
All three types of palladium nanoparticle were originally coated with PVP. d, Schematic, TEM image (inset is HRTEM) and magnetic hysteresis loop for
biotinylated DNA-grafted Fe,O5 (denoted FeO) nanoparticles originally capped by OA. e, Schematic and TEM image (inset is HRTEM) for Q7, and
photoluminescence spectra for biotinylated DNA-attached CdSe/ZnS quantum dots (QD525, denoted Q5, and QD605, denoted Q6) and CdTe/ZnS
quantum dots (Q705, denoted Q7). All three types of quantum dot were originally coated with TOPO. f, Schematic, TEM image (for 10 nm gold
nanoparticles) and ultraviolet-visible spectra for thiolated DNA-functionalized gold nanoparticles (5, 10 and 20 nm), originally capped by citrate.

(Supplementary Fig. 6) for control systems, which involve non- and dodecahedral (PD). This allowed us to probe a central question
complementary surface-tethered DNA, demonstrate that DNA  for heterogeneous systems: to what degree can differently shaped
interactions are the driving force for assembly. The multicomponent  particles coexist in the superlattice? While mixing particle shapes
systems in our studies, catalytic-plasmonic, magnetic-plasmonic  can often result in phase separation, driven by maximum packing
and fluorescent-plasmonic, were designed to address the role of requirements and entropic effects, the situation is quite different
shape heterogeneity, non-specific interactions and compositional for DNA-complementary particles, which benefit energetically

disorder, respectively. from the mixing.
We first explored shape heterogeneity effects in short-DNA
Systems of catalytic and plasmonic nanoparticles systems. The structure factors S(g) for each of PC, PO and PD

To investigate the effect of particle shape in binary heterolattices, ~with gold in DH systems (N = 33) are provided in Fig. 2a (top
10 nm spherical gold nanoparticles were coupled to ~11 nm palla-  panel). Distinct from hard-core particle packing results®, all three
dium nanoparticles of different shapes: cubic (PC), octahedral (PO)  systems displayed similar structures, albeit with different correlation
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Figure 2 | Systems of palladium and gold nanoparticles. a, Shape-dependent structure factors (5(g)) extracted from SAXS patterns of DH systems with
short DNA. PC_Aus 15, PO_Aus 5, PD_Aus 15 and Au_Au,s 45 correspond to systems assembled using 10 nm spherical gold nanoparticles with cube- (PC),
octahedron- (PO) and dodecahedron- (PD) shaped palladium and spherical gold nanoparticles, respectively. For all S(g) figures in this Article, coloured
symbols represent SAXS data and black solid lines correspond to fits (vertically offset for clarity). b, Top: gold nanoparticle size-dependent S(g) evolution of
PD-Au DH systems, including PD hybridized with 15 nm gold for PD_Au153 ;5 and 20 nm gold for PD_Au20, ;. Different ordering states are obtained for
PD-Au (middle) and Au-Au (bottom) by using longer DNA. ¢, Effects of nanoparticle shape on correlation length & of binary lattices. Square (red), triangle
(green), hexagon (blue) and circle (orange) symbols correspond to systems built from gold nanoparticles with PC, PO, PD and spherical gold nanoparticles,
respectively. Spherical nanoparticles favour better structures. Inset: schematic for the formed binary CsCl-type lattice. d, Nearest-neighbour particle surface-

to-surface distance D,

ss’

as illustrated in the inset for PD-10 nm gold systems (error bars correspond to one standard deviation for repeated experiments).

The line represents the values calculated by a combination of the Daoud-Cotton (DC) blob model and a worm-like chain (WLC) model.

lengths & As shown in Fig. 2¢, € increases slightly when the particle
shape changes from PC to PO and PD, indicating that a more
spherical shape promotes longer-range order. The trend was
further verified by substitution of palladium with spherical gold
nanoparticles (Au_Au,s ,5), which resulted in a further increase
in ¢ to ~60 nm (Fig. 2a, bottom panel). In addition to shape
effects, the disruption of long-range order could also be related to
the surface distribution of tethered ligands®® on the particle facets.
Our study of both DH and LH PD-Au systems (Supplementary
Fig. 7a) indicates that the softer single-stranded DNA shells reduce
shape heterogeneity. Indeed, we observed a monotonic increase of
&(N) to ~90 nm in PD-Au DH systems and 130 nm in LH
systems (Supplementary Fig. 8) with an increase in DNA length.
However, systems containing only spherical particles exhibit even
better order, for example £~ 310 nm (Au_Au, 5, Fig. 2b, bottom
panel). This difference in & between systems with heterogeneous
and homogeneous shapes might be related to an incompatibility
between particle geometry and lattice symmetry, or to a more
complex kinetic pathway to crystallization®®. Previous studies have
shown that nanoparticle shells can induce a phase transformation
due to edge rounding® and can lead to ribbon morphologies®®
and tighter separations® due to the collective chain effects. This
work demonstrates that soft shells can promote lattice order by
masking the shape of the cores. Presently, we focus on systems
with similar particle sizes (~10nm). An interesting topic for
future investigations is the effect of the particle size ratio on lattice
structure for binary systems of heterogeneously shaped particles.
Our detailed structure analysis (Supplementary Section
‘Modelling of SAXS profiles’) indicates a weakly ordered CsCl
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lattice for all the Pd-Au systems (Fig. 2a,b). This assignment was
further confirmed for PD systems with 15 and 20 nm gold particles.
In contrast to the 10 nm gold case, a (100) peak (Fig. 2b, top), located
at ~1/+/2 of the (110) peak, gradually emerges with an increase of
size from 15 to 20 nm. This S(g) trend is consistent with a CsCl
lattice containing nanoparticles with different electron densities,
as discussed in detail below for quantum dot (QD)-Au systems.
No particle segregation was observed for the assembled systems,
and scanning electron microscopy (SEM) imaging (Supplementary
Fig. 7b) and energy dispersive X-ray spectroscopy (EDS) mapping
(Supplementary Fig. 7c) revealed a uniform distribution of palladium
and gold elements in dried samples, with a ratio of ~1:1.

The lattice constant can be effectively controlled by the DNA
length N, and the observed dependence of D (N), the nearest-
neighbour particle surface-to-surface distance, is well-described by
the Daoud-Cotton (DC) model (Supplementary Section ‘DNA
modelling’ and Supplementary Table 2), neglecting particle geome-
try (Fig. 2d). This ability to regulate the distances is advantageous
for coupling of optical excitations with catalytic activity, and for
regulated mass transport.

Systems of magnetic and plasmonic nanoparticles
Superlattices constructed from FeO and gold nanoparticles of
similar sizes (~10 nm) can exhibit both magnetic and plasmonic
properties. We use this system to study the role of competition
between specific DNA-encoded interactions and non-specific inter-
actions, such as magnetic and van der Waals forces.

We first investigated the behaviour of a pure FeO nanoparticles
system. Owing to the small number of DNA in their shells and

867

© 2013 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nnano.2013.209
www.nature.com/naturenanotechnology

ARTICLES

b 4 e
qf FeO_Auis 15 —m— |
FeO_Au
- —AU35 35 —@—
q \: ~e _ - 40
~m 0- o
~
_______EVEEEQ__ Phase-F “m—- -m [0
l s
Sz Phase-D o
///m\ = T o ~
\\\3)/, ///M\\\ l ] m i/ /i i 120 3
| Q KW\\ , / N FeO_Au 39
! ) _ -* - 80
! - :
| O FeO_Augs g5 |/ *?\%
@ o O leC o 40
3 I e D%
et Iy O "
& reonP . *ek |
© Au@FeO cluster T T T
40 80
Time (h)
d 60
| @ D fromSAXS data
——— DC model with « =180° !
50 4 —— DC model with & = 109° .
- 1 1
g 40
& |
30 :mmi" Dss *&
N, o e ] //mm"‘ s
A o STV_Aug 15 20 1
T T T T T T T T T T T T T T T T T T
0.03 0.06 0.09 0.12 40 80 120 160 0.03 0.06 0.09 0.12
q (AT N q (A

Figure 3 | Systems of FeO and gold nanoparticles. a, (1) S(g) for non-specific interaction-induced FeO aggregates. This system and its structure are

denoted by Sys_FeO and Phase-F, respectively. (2) DNA base number (N)-dependent evolution of S(g) from the single-component Phase-F to a DNA-
directed Au-FeQO binary superlattice (with structure denoted as Phase-D) upon introducing complementary gold nanoparticles. (3) S(g) for a DH system
assembled by streptavidin and gold nanoparticles with longer and shorter DNA. b, Three-dimensional schematic illustration of structural switching between
Phase-F (fcc arrangement of FeO nanoparticles) and Phase-D (fcc Au-FeO lattice) by introducing gold nanoparticles or elevating the temperature.

¢, Assembly kinetics for Phase-F and Phase-D from FeO_Au;5 15 and FeO_Auss 35. Inset: two-dimensional schematic for Phase-D. d, Closed circles indicate
D, for FeO-Au DH systems, provided by SAXS data. Lines present values from DC-WLC modelling with =180 and 109°. Inset: definition of D_, and « in
the Au-FeO superlattice. e, Top: experimental configuration for SAXS measurement in a magnetic field (0.11 Tor 0.16 T). Bottom: S(g) magnetic response for

FeO_Auys 15 and FeO_Auy;30.

their inherent magnetic properties, aggregates readily form in FeO sol-
utions. A representative S(g) (Fig. 3a,1) can be fitted with a weakly
ordered face-centred cubic (fcc) lattice, denoted Phase-F. This phase
is thermally stable to the highest tested temperature of ~70 °C.
Interestingly, the introduction of gold nanoparticles into FeO aggregate
solutions converts the Phase-F into a binary FeO-Au phase, denoted
Phase-D. Moreover, the kinetics of the conversion process, and the
final phase, are controlled by DNA length. Figure 3a,2 shows an S(g)
series for different DH systems, where N decreases from 145 to 30.
Shorter DNA motifs favour a larger fraction of Phase-D (N=
45 (FeO_Au,; |5) and 30 (FeO_Auy, ,5)), while longer DNA connec-
tors (N =145 (FeO_Aug; 45) and 70 (FeO_Auss 55)) produce a
mixture of phases. Similar behaviour was observed for LH systems
(Supplementary Fig. 12). The new phase is driven by DNA hybridiz-
ation between nanoparticles, as confirmed by thermal-reversible dis-
sociation-association behaviour (Fig. 3b, Supplementary Figs
9a,10,11) and the restoration of Phase-F above DNA melting, T,
(~55 °C).

The conversion into Phase-D at the expense of the initial Phase-F
is further revealed by kinetic studies. By monitoring S(g) upon
introducing complementary gold (N =45 and 85) into Phase-F
(Supplementary Fig. 13,14), we extracted the time evolution of &
for both phases (Fig. 3c). Systems with shorter DNA display faster
formation of Phase-D and a complete elimination of Phase-F at
~40 h, whereas for systems with longer DNA this requires weeks.
The slower kinetics and smaller £ for longer-DNA systems can be

868

attributed to a larger penetration barrier into Phase-F due to a
higher entropic penalty.

Structural analysis suggests that the Phase-D is formed by gold
particles in an fcc lattice in which numerous FeO particles surround
the gold particles (a fit is shown as a black solid line in Fig. 3a,2).
Consistent with this scheme, the EDS results (Supplementary
Fig. 7b,c) for Phase-D indicate a more than tenfold higher concen-
tration of FeO than gold in the lattice. To reveal the possible place-
ment of FeO, we examined a DNA-linked Au-streptavidin system.
Such comparison is meaningful due to the small number of DNA
linkages with gold for both streptavidin and FeO nanoparticles.
Figure 3a,3 shows an S(gq) of two Au-streptavidin DH systems
with different N, where the number ratio of streptavidin to gold is
~20. A remarkable similarity is observed between FeO-Au and cor-
responding streptavidin-Au systems: shorter DNAs result in higher
structural order. The Au-streptavidin scattering is well-described by
a gold fcc lattice. Considering the large ratio of FeO (or streptavidin)
to gold, the fcc-type frame of gold nanoparticles can be stabilized by
the numerous FeO (or streptavidin) surrounding each gold particle,
which also connect them (Fig. 3b). A possible arrangement of FeO
can be obtained from the D, (N) dependence (Fig. 3d).
Schematically, FeO links two gold nanoparticles with an angle «
formed between two adjacent Au-FeO connections. The D, data
are well-described by this structural model, with « varying from
180° (red line, Fig. 3d) to 109° (blue line), suggesting that FeO
can act as linear and tetrahedral bridges between gold nanoparticles.
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Figure 4 | Systems of quantum dots and gold nanoparticles. a, Component-dependent S(q) evolution of DH systems. Q7_Aug, 15, Q6_Aug ;5 and Q5_Aug ;5
correspond to gold nanoparticles hybridized with Q7, Q6 and Q5, respectively. b, Top: DNA-spacer length-dependent S(q) of Q7-Au systems (Q7_Aug 15,
Q7_Auzs 35 and Q7_Augs ¢s5)- Bottom: S(g) of a well-ordered Q7-Au system Q7A 30¢,4, Which has both flexible and rigid DNA regions. Black solid lines and
blue markers correspond to fits with and without consideration of compositional order. ¢, Variation of compositional order parameter 1 and correlation length
& with DNA base number N for DH Q7-Au systems. Inset: compositional OTD transition with n from 1to O in a CsCl lattice formed in the binary gold and
quantum dot systems. NP, nanoparticle. d, D, for QD-Au DH systems. Open circles are SAXS data, and the line is calculated using the DC model. e, Steady-
state and time-resolved photoluminescence spectra collected from Q7_Au DH systems, including a change in N from 145 to 85, 45, 33 and 30 and a free
dispersed biotinylated-DNA-capped Q7 solution. The quenching efficiency, £E=1— (7./7) ~ 0.74 for N= 30, where 7, and 7 are the lifetimes of free and
in-superlattice quantum dots. f, Lifetime 7 for donor (Q5) and acceptor (Q7) in the free-dispersed states and superlattice Q7_Q5; 3. The sketch shows a

CsCl lattice formed by Q7 and Q5 directed by DNA.

We also probed the magnetic response of such systems (Phase-D
(FeO_Au,; ,5) and mixed Phase-F and Phase-D (FeO_Auj ;).
For Phase-D, an increase in magnetic field B results in a broadening
of the first S(g) peak and the disappearance of higher-order peaks—
hallmarks of disorder. For the mixed phase, a more profound
response is observed for Phase-D, with the phase disappearing at
0.16 T. Interestingly, both systems demonstrate fully reversible
phase restoration when the field is removed. The softer interparticle
potentials arising from a smaller number of longer DNA linkages
might be responsible for the larger responsiveness of FeO_Au, ;5.
Thus, while the non-specific interactions can interfere with DNA-
driven assembly, the specific DNA-encoded interactions can be
optimized to overcome this limitation. Moreover, there are interest-
ing opportunities for designing materials where phases are both
temperature- and field-responsive.

Systems of luminescent and plasmonic nanoparticles
Nanomaterials comprising quantum dots and plasmonic nanopar-
ticles are not only attractive for novel optical responses, but are

NATURE NANOTECHNOLOGY | VOL 8 | NOVEMBER 2013 | www.nature.com/naturenanotechnology

also suitable for addressing fundamental structural issues such as
compositional disorder in binary superlattices?®. We demonstrate
here QD-Au lattice assemblies using three types of quantum dot:
Q5 and Q6 from CdSe@ZnS and Q7 from CdSe/Te@ZnS, with cor-
responding sizes of 2.5+0.6, 4.5+ 0.8 and 6.5+ 0.9 nm and emis-
sions at 525, 605 and 705 nm. The functionalization of quantum
dots with DNA using streptavidin results in ~30 DNA chains per
quantum dot, which is higher than an optimized carboxylic—
amine conjugation’’. Systems (Q7_Au, ,5, Q6_Au, ;s and
Q5_Au, ;5) built with short (N=30) DNA show S(q) with
similar ratios between peak positions, which can be indexed as
CsCl lattices (Fig. 4a). Substitution of quantum dots from Q5 to
Q6 or to Q7 has a profound effect on the peak intensity ratio,
§(110)/5(100), due to electron density differences.

By changing the DNA length N, we fabricated a family of lattices
for all types of quantum dots (Fig. 4b, Supplementary Figs 15-18)
with D (Fig. 4d) suitable for plasmonic effects (~12 to 31 nm).
Interestingly, N affects & which monotonically increases with N
(Fig. 4c). More strikingly, the S(110)/S(100) ratio also gradually
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grows with N for Q7-Au (Fig. 4b, Supplementary Figs 15,16). shorter DNA length is essential to the efficient triggering of
Analogous behaviour is observed for other quantum-dot DNA-driven assembly. (3) For heterogeneous assembly, quasi-
systems (Supplementary Figs 17,18). The change of S(110)/S(100)  spherical nanoparticles (for example, dodecahedral) are preferable
can be attributed to a compositional order-to-disorder (OTD) for improved ordering; however, the particle shape can be masked
transition, which has been extensively studied in atomic systems to some extent by increasing the thickness of the single-stranded
and has been predicted in DNA-assembled systems*!. We para- DNA (ssDNA) shell. (4) For systems with distinctively different f,
meterize the OTD with a compositional order parameter, and f; (for example, gold and quantum dots), shorter ssDNA
n=(ry —F,)/(1 — F,), where r, is fraction of A sites occupied motifs promote compositional order while longer ones result in
by A particles, and F, is the fraction of A particles in the lattice.  better long-range lattice ordering. However, for low f, compositional
Thus, n=1 corresponds to perfect compositional order and disorder is dominant event for short motifs (for example, QD-Pd,
1n=0 to disordered lattices. By fitting the first two S(q) peaks Supplementary Fig. 21).

(Supplementary Section ‘Modelling of SAXS profiles’ and From a material perspective, Fig. 5 demonstrates that multifunc-
Supplementary Fig. 16) we obtained m(N) for Q7-Au systems tional binary systems can be formed from functionally diverse com-
(Fig. 4c). We reveal the development of compositional disorder: ponents (for example, plasmonic, fluorescent, catalytic and
1 decreases from ~0.98 to ~0.54 with a corresponding increase  magnetic). We emphasize that the design rules outlined above are
in N from 30 to 145. Remarkably, larger N favours a better not necessarily restrictive, because a high degree of lattice order is
lattice order (larger &), even while it induces more compositional

disorder; that is, quantum dot and gold sites are exchanged

in the CsCl lattice (Fig. 4c). Both trends can be related to softness Component A

of the interparticle repulsive potential'?!, although quantitative a FeO Pd /] Au
understanding of this transition will require detailed theoretical v 7 /A Qb %

studies. The crucial role of particle softness was verified in 0. m o * *
our experiments using LH with rigid DNA, Q7_Au; ;4>
for which a high degree of order (£>700nm) and no Crystals
compositional disorder (n=s 1) are observed (Fig. 4b, bottom).
We note that compositional disorder might play an important
role in the optical properties of superlattices due to the high
§ensitivity ofA erpit7ters to the number of plasmonic nanoparticles 01 A o o *
in close proximity”.

To demonstrate the utility of the approach for material fabrica- 1 Weakly ordered Z
tion, we probed the photoluminescence of QD-Au systems 0.l A o o o
(Q7_Au DH with N from 145 to 30). Steady-state and time-resolved
photoluminescence spectra (Fig. 4e) show progressive photolumi-
nescence quenching of quantum dots with a decrease in N, which
is accompanied by the fluorescence lifetime 7 decreasing from
62.1 ns for free quantum dots to as little as 16.6 ns for N= 30. In 1 A A A m
another example, we explore binary QD-QD lattices in which
donor (Q5) and acceptor (Q7) nanoparticles are separated by
D, ~ 15 nm (Fig. 4f, Supplementary Fig. 22). An energy transfer
was observed with ~20% decrease in donor lifetime and ~12%
increase in acceptor lifetime. Thus, the presented approaches open b 40 — i
unique opportunities for exploration and tailoring of optical prop- Single systems Binary systems N = 45, DH systems
erties of three-dimensional materials. 35 | B R A B D A5
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crucial role in deciding the assembly behaviour. For example, 107
quantum dots of three types (f=30+10) and palladium of three 5+
shapes (f=20+5) form superlattices, but FeO systems (f=4+2)
. . 0 -
typically only form sub-100 nm clusters. The thermally reversible Au_Q5 Au_Q7 Au_PC AuPD Q7.Q5 Q7.PD Q7 PC PD_PC

superlattices of representative systems (QD-QD, Pd-Pd, Pd-QD,
Supplementary Figs 19-21) show CsCl organizations with quite Figure 5 | Phase diagram and interparticle distance for heterogeneous
different degrees of structural order, consistent with recent systems. a, Phase diagram for our heterogeneous binary systems of
results?*?® for particles of similar sizes. functional (magnetic FeO, catalytic palladium, fluorescent quantum dot and
In Fig. 5a we summarize the phase diagram, shown in coordi-  plasmonic gold) components. Leading parameters of the phase diagram for
nates of nanoparticle-grafted DNA numbers f, and f;, for all the similarly sized particles are the numbers of DNA per particle, f, and f3, as
studied binary A-B systems with nominal nanoparticle sizes discussed in the main text. fcc, face-centred cubic; bee, body-centred cubic.
of ~10 nm. Several important conclusions can be drawn for b, ‘Mix-and-match’ assembly for the predictable interparticle centre-to-
materials designed based on DNA assembly. (1) f, and f; control  centre distances (D..) for heterosystems. The example of a DH system with
assembly morphology, which can vary from finite-sized clusters N =45 is shown. The effective radii R,_A and R._B of five components
(f4 + f5 <30) to weakly ordered (30 < f, + fz < 70-80) and well-  (gold, Q7, Q5, PD and PC nanoparticles) were obtained from SAXS data for
ordered lattices ( f, + fz > 70-80). (2) For systems involving nano-  single-component systems. Dark blue bars correspond to the SAXS-
particles with the non-specific interactions (for example, FeO), a  measured D, for binary superlattices.
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not required for many material applications. For example, plasmo-
nic effects are determined by local nanoparticle environment’,
metamaterial properties depend on average nanoparticle density*?,
and high-energy nanocomposites require homogeneous nanopar-
ticle mixing®. Thus, all types of morphologies from clusters to
weakly- and well-ordered lattices can find their niche. At the same
time, the control of interparticle distance is important for system
functionality. To this end, we found that interparticle distances in
binary systems D_.._AB (Fig. 5b) are well estimated by accounting

C

for the nanoparticle effective radius R,_A = D__A/2, where D___A
is for a single-component system and D._AB=D_._A+ D_._B.

cc— cc— CcCc—
The observed D_._AB also agrees with the discussed DC models
(Supplementary Section ‘DNA modelling’ and Supplementary
Table 2). Such predictable control of interparticle separation
combined with a ‘mix-and-match’ material assembly methodology
promises to rationalize the fabrication of two-component nano-
particle systems using DNA programmability.

In summary, we have presented a general approach for DNA
functionalization and assembly of functional nanoparticles, as well
as demonstrating the leading factors influencing the phase
behaviour of created systems. We have produced examples of
multifunctional and field-responsive superlattices that include
representative classes of magnetic, catalytic, fluorescent and
plasmonic nanocomponents.

Methods

Synthesis, DNA conjugation and assembly of functional nanoparticles. The
hydrophilic poly-vinyl-pyrrolidone (PVP)-capped palladium and hydrophobic oleic
acid (OA)-capped iron oxide were synthesized according to reported procedures
with modifications (Supplementary Section ‘Materials and methods’). The initial
particles used in this study were PVP-capped catalytic palladium*® (Fig. 1c,
Supplementary Fig. 1), OA-capped magnetic FeO (Fig. 1d, Supplementary Fig. 2)
and trioctylphosphine oxide (TOPO)-capped fluorescent quantum dots (provided
by Invitrogen; Fig. le, Supplementary Fig. 3).

The nomenclature and sequences of DNA used in this work are provided in
Supplementary Table 1. DNA strands were purchased from Integrated DNA
Technologies. The three-step DNA functionalization strategy, namely carboxylic
group grafting, streptavidin conjugation and biotinylated-DNA attachment, and the
assembly and crystallization of nanoparticles are fully described in Supplementary
Section ‘Materials and methods’. Our control experiments show that streptavidin
and DNA are not released from the particle surface (Supplementary Fig. 5) on
heating to 70 °C, which confirms the thermal stability of the DNA conjugations.

Characterization of nanoparticles and assemblies. The morphology and
microstructure of nanoparticles were characterized by electron microscopy. The
grafting DNA number on the nanoparticle surfaces was determined based on the
reported fluorescence-based method (Supplementary Section ‘Quantification of the
grafting DNA number’). Synchrotron-based SAXS (NSLS X9) was used to probe the
in situ structure of particle assemblies.

Modelling of DNA structure and SAXS profiles. We used a Daoud-Cotton (DC)
blob model and a worm-like chain (WLC) model to calculate the tethered DNA
thickness and linker length, respectively. To simulate powder SAXS profiles, we
developed a scattering formalism, which accounted for particle size, shape, and its
material, particle polydispersity, lattice disorder and average grain size within the
unit cell. All DNA and SAXS modelling details are provided in the
Supplementary Information.
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